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m1 
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m‘ 
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°F 
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°C 

Fahrenheit 
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32) 


Approximate  Conversion* 
from  Metric  Measures 


Symbol 

When  You  know  Multiply  by 

To  Find 

Symbol 

mm 

millimeters 

0.04 

inches 

in 

cm 

centimeters 

0.4 

inches 

in 

m 

meters 

3.3 

feet 

ft 

m 

meters 

1.1 

yards 

yd 

km 

kilometers 

0.6 

miles 

mi 

AREA 

cm 

square  centimeters  0.16 

square  inches 

in* 

m* 

square  meters 

1.2 

square  yards 

yd* 

km* 

square  kilometers  0.4 

square  miles 

mi* 

ha 

hectares 

2.5 

acre* 

(10  000  m1) 

MASS  ( weight ) 

S 

grama 

0.035 

ounces 

oz 

k* 

kilograms 

2  2 

pounds 

Ih 

t 

metric  ton 

1.1 

short  tons 

(1000  kg) 

VOLUME 

mL 

milliliters 

0.03 

fluid  ounces 

fl  oz 

mL 

milliliters 

0.06 

cubic  inches 

in* 

L 

liters 

2.1 

pints 

pt 

L 

liters 

1.06 

quarts 

qt 

L 

liters 

0.26 

gallons 

gal 

m* 

cubic  meters 

35 

cubic  feet 

ft* 

m* 

cubic  meters 

1.3 

cubic  yards 

yd* 

TEMPERATURE  (exact) 

aC 

degrees 

9/5  (then  degrees 

°F 

Celsius 

add  32)  Fahrenheit 

v 


EVALUATION  OF  THE  GEOPHYSICAL  SURVEY  SYSTEMS,  INC. 
RADAR  FOR  THE  DETECTION  OF  UNEXPLODED  ORDNANCE 


I.  INTRODUCTION 

1.  Scope.  The  purpose  of  this  investigation  was  to  determine  if  a  commercially 
available  ground-penetrating  radar  could  be  used  by  the  Army  for  the  detection  of 
buried  unexploded  ordnance  (UXO).  This  investigation  was  limited  to  the  design  and 
monitoring  of  a  test  by  MERADCOM  personnel  of  a  commercially  available  radar  pro¬ 
duced  by  GSSI.  During  the  course  of  this  test,  the  radar  was  to  be  operated  by  GSSI 
personnel. 

2.  Background.  The  Army  has  a  variety  of  areas  on  its  many  installations  that 
have  been  used  for  ordnance  testing,  material  storage,  and  disposal  over  a  number  of 
years.  As  the  need  to  use  such  areas  for  ordnance  testing,  storage,  and  disposal  is 
phased  out,  the  Army  would  like  to  release  this  land  for  other  uses  by  the  Army  or  by 
non-military  and  civilian  activities.  The  preferred  goal  is  to  release  the  land  for  com¬ 
pletely  unrestricted  use.  While  magnetometers  (and,  to  a  lesser  extent,  gradiometers) 
offer  performance  down  to  the  5-ft  level,  the  Army  would  prefer  to  certify  that  a  given 
land  area  is  safe  to  greater  depths  (15  to  20  ft).  It  is  for  this  purpose  that  the  Army 
has  evaluated  the  utility  of  the  GSSI  ground-penetrating  radar. 

II.  HOW  THE  GSSI  RADAR  WORKS 

3.  Principles  Involved.  A  detailed  description  of  the  circuitry  employed  in 
making  the  GSSI  radar  work  is  beyond  the  scope  of  this  report.  The  purpose  of  this 
section  is  to  describe  some  of  the  principles  which  motivated  the  design  of  the  GSSI 
radar  and  to  tell  enough  about  how  the  radar  works  so  that  the  reader  can  better 
appreciate  the  theoretical  capabilities  and  limitations  of  the  system. 

The  probe  in  the  GSSI  system  is  a  pulse  radar  which  uses  a  burst  of  electro¬ 
magnetic  energy  to  excite  echoes  from  buried  objects  or  sharp  electromagnetic 
boundaries  within  the  earth.  As  the  system  traverses  the  earth’s  surface,  a  radar  pro¬ 
file  of  subterranean  reflections  in  two  dimensions  is  displayed.  The  spatial  resolution 
of  pulse  radar  is  a  complex  function  of  many  factors  including  pulse  length,  pulse 
shape,  dispersion  of  the  medium  studied,  and  properties  of  the  targets.  Some  of  the 
important  factors  are  beyond  the  control  of  the  radar  designer  and  force  realistic  com¬ 
promises  to  achieve  a  useful  system.  The  GSSI  system  is  a  production  radar  incor¬ 
porating  such  compromises  and  has  been  applied  extensively  to  subsurface  profiling 
throughout  the  country  for  several  years.  It  has  a  nominal  pulse  length  of  approxi- 
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mately  5  x  10'9  s  or  5  ns,  which  GSSI  indicates  results  in  a  center  frequency  of  about 
200  MHz.  This  pulse  length  is  similar  to  many  other  previous  radars  designed  for  deep 
penetration  into  the  earth.  GSSI  now  produces  design  variants  with  pulse  length  from 
approximately  1 0  ns  to  1  ns  and  center  frequencies  from  80  MHz  to  900  MHz. 

Any  radar  system  designed  to  “see”  targets  buried  in  the  ground  is  forced  to 
trade  off  two  contradictory  requirements:  a  high  resolution  requirement  associated 
with  high  frequencies,  and  a  deep  penetration  requirement  associated  with  low  fre¬ 
quencies.  Additional  important  factors  are  the  frequency  dependence  of  target  back- 
scatter  and  soil  transmission  properties. 

Soil  attenuation  is  a  strong  function  of  frequency  when  appreciable  moisture 
is  present.  Microwave  ovens  can  operate  effectively  around  900  MHz  because  water  in 
food  absorbs  well  at  this  frequency.  For  nominal  soil  moisture  of  about  12  to  14  per¬ 
cent,  typical  of  the  temperate  zone  of  the  US,  the  attenuation  at  a  frequency  of  100 
MHz  is  on  the  order  of  0.25  decibels  per  foot  and  rises  rapidly  to  a  value  on  the  order 
of  10  dB/ft  at  1000  MHz.  The  earth  acts  as  a  low  pass  filter  for  the  broadband  energy 
of  a  pulse,  attenuating  the  higher  frequencies  much  more  rapidly  than  the  lower  ones. 
In  addition,  the  dielectric  constant  of  the  earth  is  a  function  of  frequency,  which  leads 
to  dispersion.  A  nicely  shaped  pulse  incident  at  the  surface  is  stretched  out  as  it  tra¬ 
verses  the  lossy,  dispersive  soil  medium,  resulting  in  a  marked  and  steady  decrease  of 
resolving  power.  If  the  targets  of  interest  are  extended  layers,  the  signal  processing 
techniques  developed  over  many  years  in  geophysics  can  be  used  to  compensate  for 
these  effects.  For  the  point  targets  of  interest  to  this  project,  such  processing  tech¬ 
niques  are  expected  to  have  limited  usefulness.  A  desire  for  deep  penetration  leads  to 
reliance  on  low  frequencies  and  long  pulse  lengths  resulting  in  limited  range  resolution. 

The  velocity  of  propagation  in  free  space  is  on  the  order  of  1  ft/ns.  In  a  di¬ 
electric  medium,  the  velocity  is  inversely  proportional  to  the  square  root  of  the  relative 
dielectric  constant.  In  typical  earth,  the  velocity  is  slowed  by  a  factor  of  three  or  four. 
If  we  hypothesize  a  resolution  capability  on  the  order  of  the  pulse  length,  a  5-ns  pulse 
will  be  compressed  in  the  earth  to  a  length  of  1  to  2  ft  near  the  surface.  Gradual 
spreading  will  occur  as  the  pulse  penetrates  as  well  as  a  marked  decrease  in  peak 
energy.  Neglecting  the  pulse  spreading,  target  features  and  multiple  targets  with  1-or 
2-ft  spacing  or  larger  should  be  resolvable  as  long  as  the  received  signal  exceeds  the 
noise  threshold  of  the  receiver/processor. 

Target  scattering  characteristics  also  will  have  an  impact  on  the  utility  of  any 
such  radar.  Extended  layers  or  boundaries  in  the  earth  reflect  energy  in  a  manner 
relatively  independent  of  frequency.  Although  only  part  of  the  incident  energy  is 
reflected,  the  reflected  pulse  will  closely  resemble  the  incident  pulse  in  shape,  length, 
and  spectral  content.  Of  course,  the  greater  the  change  in  electrical  properties  across  a 


boundary,  the  larger  the  fraction  of  incident  power  reflected.  Point  targets,  with 
dimensions  on  the  order  of  the  resolution  limit  of  the  pulse,  will  behave  much  differ¬ 
ently  and  will  reflect  energy  in  a  manner  highly  dependent  on  target  size,  target  shape, 
and  frequency. 

If  the  amount  of  backscatter  is  examined  as  a  function  of  frequency  and 
target  size,  a  general  understanding  of  the  situation  can  be  reached.  Ignoring  the  shape 
of  the  target,  let  us  ascribe  to  it  an  average  physical  dimension  or  diameter,  D.  The 
reflected  signal  should  reach  a  peak  value  when  the  incident  energy  wavelength  is  on 
the  order  of  this  physical  dimension.  A  2-ft-diameter  target  would  best  respond  to  a 
free  space  wavelength  of  6  to  8  ft,  allowing  for  wavelength  compression  in  the  earth. 
Reflections  from  these  targets  would  be  a  maximum  in  the  range  of  100  to  200  MHz, 
depending  on  local  soil  moisture  near  the  target.  The  amplitude  of  the  reflected  signal 
will  rapidly  decrease  for  longer  wavelengths,  monotonically  approaching  zero  at  a  zero 
frequency.  At  higher  frequencies,  or  shorter  wavelengths,  the  shape  and  orientation 
of  the  target  will  result  in  complex  resonances  and  slowly  decreasing  amplitude,  if  soil 
attenuation  is  ignored.  Target  resonances  are  apt  to  be  severely  damped  if  the  local 
environment  is  lossy.  The  backscatter  observed  from  an  unexploded  ordnance  should 
be  a  strong  function  of  frequency. 

For  simplicity  of  operation,  GSS1  puts  both  the  transmitting  antenna  and 
the  receiving  antenna  in  the  same  module  and  thus  as  one  surveys  the  area,  only  one 
package  needs  to  be  towed.  Since  the  receiver  and  transmitter  are  in  one  package  and 
are  nearly  coincident,  the  range  r  of  the  object  from  the  transmitter  is  given  by: 


where  t  is  the  time  for  the  pulse  to  travel  from  the  transmitter  to  the  object  and  back  to 
the  receiver  and  v  is  the  speed  of  propagation  in  the  soil  (which  is  about  one  third  the 
speed  of  light,  c.  in  vacuum).  The  range  is  determined  by  using  a  sampling  oscilloscope 
to  measure  the  time  difference  t  between  the  transmitted  and  received  pulse.  The  con¬ 
stant  -v_  which  characterizes  the  soil  can  be  determined  in  one  of  two  ways,  chosen 

at  the  convenience  of  the  operator:  by  measuring  t  for  a  target  of  known  range:  or 
by  digging  two  holes  a  known  distance  apart  and  measuring  the  time  to  travel  from  one 
hole  to  the  other  and  back  again.  This  is  very  approximate  and  ignores  substantial 
variations  in  moisture  content  which  frequently  occur. 
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Radar  reflections  can  take  place  not  only  from  buried  ordnance  but  from 


layers  within  the  earth  where  the  characteristic  impedance 


VF 


changes  abruptly 


(in  a  distance  much  less  than  a  wavelength).1  The  GSSI  radar  display  is  designed  to 
help  the  interpreter  of  the  returned  signal  distinguish  between  reflections  from  a  plane 
layer  and  a  point  object.  The  principle  by  which  this  is  done  is  as  follows.  Suppose 
threre  is  a  plane  layer  parallel  to  the  earth’s  surface  with  a  discontinuity  in  the  charac¬ 


teristic  impedance 


some  distance  d  beneath  the  surface  of  the  earth.  Then  as 


one  traverses  the  surface  of  the  earth,  the  reflection  will  appear  at  a  constant  t  =  — - 

v 


Suppose,  now,  that  there  is  a  point  object  (buried  ordnance  can  be  approximated  in 
this  part  of  the  discussion  as  a  point  object  since  it  is  assumed  that  the  ordnance  is 
small  compared  to  the  separation  from  the  radar  antenna)  a  distance  d  beneath  the 
surface  of  the  earth.  In  that  case,  when  one  is  far  away  from  the  point  object  the 


measured  time  t  will  be  much  greater  than 


2d 

v 


.  As  one  gets  closer  and  closer  to 


the  object  the  time  delay  of  the  reflected  pulse  will  get  smaller  and  smaller  until  when 


^  j 

one  is  directly  above  the  object  the  time  delay  of  the  reflected  pulse  will  be  — 

v 

This,  then,  is  the  signature  of  a  point  object  (buried  ordnance)  and  it  is  clear  that  this 
signature  is  quite  different  from  a  plane  layering  parallel  to  the  surface  of  the  earth. 
Similarly,  the  signatures  as  one  traverses  the  earth’s  surface  of  other  plane  layerings 
(those  not  parallel  to  the  earth’s  surface)  is  different  from  that  of  a  point  object  and 
this  difference  in  signature  as  one  traverses  the  earth’s  surface  can  be  used  to  discrimi¬ 
nate  against  plane  layerings. 


4.  Correlation  of  Reflections.  From  the  discussion  in  the  preceeding  paragraph, 
it  is  clear  that  it  is  desirable  to  be  able  to  correlate  the  reflections  arising  from  neigh¬ 
boring  points  on  a  given  traversal.  The  method  for  doing  this  is  outlined  in  this  para¬ 
graph.  Suppose  the  transmitted  signal  looked  something  like  that  in  Figure  la.  Here 
the  horizontal  axis  corresponds  to  the  magnitude  of  the  E  vector  and  the  vertical  axis 


The  electrical  properties  of  many  media  can  be  completely  described  using  three  scalar  quantities:  a  resistivity  p, 
a  permeability  p,  and  a  permittivity  e.  The  significance  of  these  quantities  is  as  follows:  The  resistivity  p  is  a  mea¬ 
sure  of  the  resistance  of  a  material  to  electron  flow.  The  permeability  p  is  a  measure  of  how  much  the  magnetic 
field  B  is  increased  when  the  material  is  introduced  into  a  current-carrying  coil.  The  permittivity  e  is  a  measure 
of  how  much  the  force  between  two  charges  in  vacuum  is  reduced  when  the  charges  are  embedded  and  held  in  place 
in  the  media. 
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a. 


b. 


Figure  1.  a.  Shows  schematically  what  the  signal  transmitted  into  the  earth's  surface  looks  like  as  a 
function  of  time. 

b.  Shows  schematically  what  the  returned  signal  (that  picked  up  by  the  receiver)  looks  like 
as  a  function  of  time  assuming  reflections  from  buried  ordnance  and  a  plane  layering  of 
the  earth  beneath. 
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(in  the  direction  ot'  the  arrow)  corresponds  to  increasing  time.  The  reason  for  this 
unconventional  way  of  orienting  the  axis  (usually  F  is  shown  on  the  vertical  axis  and  t 
on  the  horizontal  axis)  is  that  increasing  time  for  the  reflected  pulse  to  arrive  at  the 
receiver  corresponds  to  a  more  deeply  buried  target  and  it  is  natural  to  show  increas¬ 
ing  depth  as  going  further  toward  the  bottom  of  the  figure,  figure  la  is  intended  to 
show  that  the  f  field  propagating  into  the  earth  has  the  form  of  a  single  bipolar  pulse. 
The  fact  that  it  goes  positive  and  negative  indicates  that  it  is  pointing  along  a  reference 
direction  during  the  positive  part  of  the  cycle  and  opposite  the  reference  direction 
during  the  negative  part  of  the  cycle.  Not  shown  in  figure  la  (because  it  would  be  off 
the  scale  of  the  figure)  is  that  the  transmitted  pulse  is  repeated  periodically  at  a  50- 
kHz  rate. 

Figure  lb  shows  schematically  what  the  received  signal  might  look  like  and 
indicates  that  there  arc  two  reflections.  In  tins  case,  one  of  the  reflections  might  be 
from  buried  II XO  and  one  from  a  plane  discountinuity  assumed  parallel  to  the  surface 
of  the  earth.  From  the  discussion  in  paragraph  113.  the  reflection  from  the  plane  layer 
could  be  readily  identified  and  distinguished  from  the  UXO  by  traversing  the  earth’s 
surface  and  seeing  which  of  the  signals  is  constant  in  time. 

A  problem  with  this  approach  is  that  in  a  given  traversal  of  the  earth’s  sur¬ 
face  there  are  thousands  of  graphs  with  the  form  lb.  What  is  needed  is  a  method  of 
showing  thousands  of  graphs  of  the  form  I  b  on  a  single  sheet  of  paper.  The  method 
for  doing  this  is  as  follows:  a  gray  scale  is  used  in  the  CiSSI  apparatus  to  indicate  the 
absolute  value  of  the  reflected  signals  magnitude.  As  the  absolute  value  of  the 
reflected  signal  gets  larger,  the  scale  gets  darker;  places  where  there  is  no  net  signal 
above  noise  appear  white.  Thus  the  graph  shown  in  Figure  lb,  which  requires  two 
dimensions  for  display,  can  be  compressed  down  to  a  single  vertical  line  for  display  by 
using  shades  of  gray  to  indicate  horizontal  deflection.  Using  this  system,  the  signature 
of  a  point  object  is  shown  in  Figure  2.  The  advantage  of  this  system  is  that  one  can 
compress  three-dimensional  information  into  two  dimensions  and  produce  an  easily 
interpreted  display  of  complex  reflections. 

The  disadvantage  of  this  system  is  that  the  sign  of  the  reflected  signal  is  lost 
in  the  processor  and  single  color  display.  In  a  more  ideal  display,  the  phase  of  the 
received  signal  would  be  shown  in  shades  of  two  colors  (for  example  red  and  blue),  and 
for  any  given  range,  the  relative  phases  could  provide  additional  discrimination. 

To  summarize  the  design  hurdles  of  an  earth-penetrating  radar,  we  need  to 
generate  a  well  shaped,  high-power  pulse;  radiate  this  in  a  preferred  direction  with 
minimal  spectral  modification;  penetrate  a  lossy,  dispersive  medium:  illuminate  a  very 
local  target;  receive  the  energy  returned  through  the  lossy  medium;  and  have  sufficient 
sensitivity  to  detect  signals  perhaps  100  dB  or  more  below  transmit  power. 


Figure  2.  Signature  of  buried  ordnance.  Shown  above  is  a  graph  of  the  received  signal  as  the 
transmitter/receiver  makes  a  traversal  along  the  earth's  surface.  The  circled  area 
corresponds  to  a  reflection  from  a  point  object.  The  peak  of  the  curves  corresponds 
to  the  nearest  point  of  approach  to  the  point  object  of  the  transmitter/receiver. 


All  of  this  should  be  achieved  in  a  battery-powered  (or  small  generator- 
powered).  man-portable  system  which  isruggedized  for  use  in  the  field  as  a  geophysical 
probe. 


111.  LIMITATIONS  IN  GROUND-PENETRATING  RADAR 

5.  Physical  Principles  Which  Limit  the  Utility  of  Any  Ground-Penetrating 
Radar.  Limitations  in  the  GSSI  radar  and  any  ground-penetrating  radar  include  the 
following: 


a.  The  penetration  depth  of  the  radar  depends  on  the  moisture  content  of 
the  soil  and  the  type  of  soil,  and  generally  these  are  not  known.  This  is  one  factor 
which  makes  it  difficult  to  certify  a  depth  at  which  there  are  no  UXO. 

b.  The  magnitude  of  the  reflected  signal  depends  on  the  length  of  the 
object  in  the  direction  of  the  electric  field  E.  An  object  long  in  the  direction  of  the  E 
field  gives  a  strong  signal,  and  an  object  short  in  the  direction  gives  a  smaller  signal. 
Qualitatively,  this  can  be  understood  in  the  following  way:  the  oscillating  electric  field 
tends  to  drive  the  free  electrons  within  the  conductor  and  the  acceleration  of  these 
electrons  gives  rise  to  the  radiated  wave.  In  the  long  direction  of  the  object,  many 
electrons  make  positive  contributions  to  the  wave,  and  in  the  short  direction,  few 
electrons  make  positive  contributions  to  the  wave.  This  result  has  two  important  con¬ 
sequences  for  locating  buried  ordnance:  ordnance  buried  vertically  is  difficult  to  see. 
and  ordnance  buried  horizontally  is  difficult  to  see  unless  the  E  field  is  polarized  along 
the  direction  of  the  long  axis  of  the  ordnance.  (These  last  two  results  are  based  on  the 
material  given  in  this  section  and  the  result  from  Maxwell’s  equation  that  a  wave  propa¬ 
gating  in  a  homogeneous  medium  has  its  E  field  perpendicular  to  its  direction  of  propa¬ 
gation.)  The  tact  that  the  magnitude  of  the  reflected  signal  depends  strongly  on  the 
orientation  of  the  buried  object  is  a  second  factor  which  makes  it  difficult  to  verify  a 
depth  at  which  there  is  no  UXO. 

c.  Most  scientists  and  engineers  appreciate  the  fact  that  an  electromag¬ 
netic  wave  will  be  reflected  from  a  sharp  discontinuity  between  two  surfaces.  Perhaps 
less  well  appreciated  is  the  fact  that  a  large  and  sharp  discontinuity  in  the  permittivity 
may  fail  to  give  any  reflection.  Suppose  we  have  a  material.  1,  characterized  by  per¬ 
mittivity  and  permeability  e,  and  / /,  and  a  second  material,  2,  characterized  by 
parameters  e2  and  g2.  Then  it  is  known  that  for  the  case  of  a  plane  infinite  wave  per¬ 
pendicularly  incident  (traveling  in  medium  1)  on  such  a  plane  infinite  boundary  that 
the  ratio  of  the  magnitude  of  the  reflected  wave  to  the  incident  wave  is  given  by 
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(2) 


Thus,  if  the  properties  of  the  first  and  second  medium  are  related  by 


then  there  will  be  no  reflected  wave.  The  quantity 


(3) 


has  the  dimensions  of 


ohms  and  is  called  the  impedance  of  media  i.  Equation  (3)  is  analogous  to  the  case  of  a 
transmission  line  being  terminated  in  an  impedance  which  matches  the  line.  Although 
the  proof  of  this  result  is  based  on  a  plane  infinite  wave  perpendicularly  incident  on  a 
plane  infinite  boundary,  it  is  expected  to  be  at  least  approximately  true  of  finite  waves 
incident  on  finite  objects.  From  a  practical  viewpoint,  it  is  unlikely  that  the  proper¬ 
ties  of  media  will  satisfy  equation  (3),  and  so  in  almost  all  cases,  where  media  are 
different,  reflections  will  occur.  Still,  the  fact  that  there  may  be  no  reflected  wave, 
providing  the  properties  of  the  earth  match  those  of  the  buried  ordnance,  is  a  third 
factor  which  makes  it  difficult  to  certify  a  depth  at  whicn  there  are  no  UXO. 


d.  In  paragraph  III  5c,  possible  difficulties  in  seeing  objects  when  they  are 
there  was  discussed.  A  more  serious  problem  is  radar  reflections  from  objects  that  are 
not  of  interest,  such  as  rocks,  roots,  moisture  discontinuities,  and  discontinuities  in 
the  layering  of  the  soil.  With  the  possible  exception  of  signals  arising  from  the  layering 
of  the  soil,  these  signals  are  either  indistinguishable  from  or  difficult  to  distinguish 
from  UXO  reflections.  This  is  a  fourth  factor,  perhaps  the  most  important,  which 
makes  it  difficult  to  certify  a  depth  at  which  there  are  no  UXO. 


IV.  DESIGN  OF  EXPERIMENTS  FOR  TESTING  THE  GSS1  RADAR 


6.  Ordnance  Burial.  Ordnance  was  buried  by  using  an  auger  to  dig  the  holes 
and  a  bulldozer  to  fill  them  in,  as  shown  in  the  table.  The  area  was  surveyed  carefully 
so  that  in  all  cases  the  absolute  location  of  the  center  of  mass  of  the  ordnance  was 
known  with  an  error  which  did  not  exceed  6  in.  (Almost  all  of  this  error  is  due  to  un¬ 
certainties  in  the  location  of  center  of  mass  for  the  larger  pieces  of  ordnance.)  The 
selection  of  the  maximum  depths  at  which  the  ordnance  was  buried  was  based  on 
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Type  of  Ordnance,  Depth  Buried,  and  Orientation  of  Ordnance 
Used  to  Test  the  Operation  of  GSSI  Radar 


Type 

Depth  (ft)a 

Orientation 

500-lb  bomb 

15 

Vertical 

500-lb  bomb 

15 

30°  from  horizontal 

250-lb  bombb 

5 

Horizontal 

250-lb  bomb*1 

5 

30°  from  horizontal 

250-lb  bomb 

10 

Horizontal 

250-lb  bomb 

10 

Vertical 

250-Ib  bomb 

10 

30°  from  horizontal 

155  mmb 

5 

Horizontal 

155  mmb 

5 

Vertical 

1 55  mmb 

10 

Horizontal 

1 55  mmb 

10 

Vertical 

81  mmb 

3 

Horizontal 

81  mmb 

3 

Vertical 

81  mmb 

5 

Horizontal 

81  mmb 

5 

Vertical 

4-in.  pipeb  c 

3 

Horizontal 

4-in.  pipeb  c 

3 

Vertical 

4-in.  pipeb  c 

5 

Horizontal 

4-in.  pipcb  c 

5 

Vertical 

a  All  depths  arc  measured  from  the  location  of  the  center  of  mass  of  the  object. 

’  This  ordnance  was  in  the  area  actually  surveyed  by  GSSI  radar. 

1  The  pipe  (4  in.  lonp  and  1  Vi  in.  in  diameter)  was  meant  to  simulate  smaller  ordnance  which  was  not  readily  avail¬ 
able  for  these  tests. 
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experimental  data  published  in  the  Henegar  report.2  Ordnance  was  buried  shallowly 
(so  that  the  tested  equipment  would  have  some  successes)  and  deeply  (but  never 
deeper  than  the  experimental  values  given  in  Henegar  report)  to  establish  maximum 
detection  capabilities.  Thus  the  equipment  performance  (as  measured  by  the  probabil¬ 
ity  of  detection  for  a  given  type  of  ordnance  in  a  given  type  of  soil)  could  be  measured 
over  a  depth  range  that  was  of  interest. 

7.  Physical  Characteristics  of  the  Site.  GSS1  was  given  three  areas  to  survey 
with  their  equipment.  One  area,  called  the  linear  grid,  was  rectangular  in  shape  with 
dimensions  30  ft  by  85  ft.  A  second  area,  called  grid  A,  was  160  ft  by  160  ft  and  had  a 
rectangle  80  ft  by  40  ft  added  to  one  side.  The  third  area,  called  grid  B,  was  rectan¬ 
gular  with  dimensions  of  160  ft  by  200  ft. 

Each  site  had  stakes  put  in  the  ground  defining  a  rectangular  grid.  At  places 
where  ordnance  was  buried  with  a  high  density,  the  stakes  were  separated  by  a  distance 
of  40  ft,  and  at  places  where  ordnance  was  buried  with  a  lower  density,  the  stakes  were 
separated  by  a  distance  of  80  ft.  All  of  the  stakes  were  labeled  with  x,  y  coordinates. 
Direction  vectors  and  help  in  locating  the  stakes  (sometimes  the  stakes  were  hidden  by 
brush)  were  provided  GSSI  by  connecting  the  stakes  diagonally  with  twine.  In  this 
way  GSSI  personnel  could  easily  and  accurately  locate  in  our  coordinate  system  where 
ordnance  was  buried  without  having  to  spend  time  surveying. 

The  three  areas  GSSI  was  asked  to  survey  had  the  following  properties.  The 
soil  was  mostly  clay.  The  linear  site  was  flat  and  devoid  of  vegetation.  Grid  A  was 
fairly  flat  but  sloped  gently  and  was  covered  with  some  brush.  Grid  B  had  a  fiat 
plateau  with  light  brush  for  half  of  its  area  and  the  other  half  sloped  slightly  and  was 
heavily  covered  with  a  grass-like  plant  that  was  approximately  3  ft  lrigh  during  tests. 
Although  a  person  could  easily  walk  through  this  area,  a  vehicle  might  have  had  trouble 
traversing  such  an  area.  (GSSI  never  surveyed  site  B,  the  most  difficult  to  traverse  and 
survey,  because  of  lack  of  time.) 

8.  Information  Provided  GSSI  at  the  Outset  of  the  Tests.  The  following  infor¬ 
mation  was  given  to  GSSI  personnel  upon  their  arrival  at  MERADCOM: 

a.  All  the  ordnance  was  buried  at  depths  greater  than  6  in.  and  less  than 

15  ft. 

b.  Some  of  the  ordnance  was  buried  with  the  long  axis  perpendicular  to 
the  surface  of  the  earth. 
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II.  II.  Henegar,  Detection  of  Unexploded  Ordnance  l)OD  Ixplosivcs  Safety  Board  Report  76-1.  l!S  Army 
Mobility  Equipment  Research  and  Development  Command  April  1976. 


c.  Some  of  the  ordnance  was  buried  horizontally;  this  ordnance  was 
oriented  either  north/south  or  east/west. 

d.  Some  of  the  ordnance  was  tilted  up  slightly  from  the  horizontal. 

The  first  piece  of  information  was  given  to  GSS1  because  their  equipment 
can  have  trouble  detecting  shallow  objects  and  they  needed  to  know  what  maximum 
range  to  set  their  equipment.  The  second  piece  of  information  was  given  to  GSS1  so 
that  they  could  confirm  (which  they  did  orally)  that  their  equipment  was  not  expected 
to  find  vertically  buried  ordnance.  The  third  piece  of  information  was  given  to  GSS1 
so  that  they  would  have  more  time  to  show  how  well  their  equipment  worked.  For 
them  to  detect  buried  ordnance,  they  need  to  approach  the  target  so  that  the  long  axis 
of  the  target  is  approximately  perpendicular  to  the  direction  of  traversal.  Had  the 
information  in  paragraph  IV  8c  not  been  revealed,  GSSI  would  have  had  to  survey  the 
area  in  four  directions  (bearings  of  0°,  45°,  90°,  and  135°).  Because  this  information 
was  provided,  they  needed  only  to  survey  the  land  in  two  directions:  the  north/south 
direction  which  corresponds  to  0°  and  the  east/west  direction  which  corresponds  to 
90°.  The  fourth  piece  of  information  was  given  to  GSSI  so  that  they  would  know  that 
not  all  of  their  signatures  would  come  from  horizontally  buried  ordnance. 

Information  that  was  not  given  to  GSSI  personnel  (although  they  requested 
it)  was  the  location  of  the  ordnance.  The  reason  for  this  is  that  there  is  a  subjective 
element  in  interpreting  the  data  from  their  apparatus  and  the  objectivity  of  the  test 
could  be  compromised  if  this  information  was  revealed. 

9.  The  Task  of  GSSI.  Given  these  four  pieces  of  information  and  the  area 
boundaries  defining  where  the  ordnance  was  buried,  GSSI  was  tasked  to  construct  a 
map  showing  where  and  how  deep  the  ordnance  was  buried.  They  were  also  allowed  to 
designate  with  a  stake  in  the  ground  where  the  ordnance  was  buried;  this  was  not  con¬ 
venient  for  them  to  do  since  their  equipment  requires  interpreting  data  and  comparing 
it  with  other  data  before  the  location  of  the  ordnance  can  be  determined. 

GSSI  was  also  told  that  it  was  important  to  do  a  good  job  rather  than  try  to 
cover  a  large  area;  i.e.,  to  determine  the  location  and  depth  of  the  ordnance  as 
accurately  as  possible.  They  were  told  that  their  performance  would  be  judged  on 
whether  or  not  they  located  the  ordnance  accurately  enough  to  dig  up  the  ordnance, 
which  meant  that  the  detected  x,  y  coordinates  had  to  be  within  2  ft  of  the  actual 
ordnance  coordinates.  Near  the  end  of  the  tests,  GSSI  personnel  informed  MFRADCOM 
personnel  that  they  did  not  have  time  to  survey  area  B  because  of  the  difficulty  in 
locating  ordnance  accurately.  This  was  not  caused  by  surveying  difficulties  but 
because  many  traversals  had  to  be  made  to  accurately  locate  the  ordnance. 
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10.  Additional  Information  Requested  by  GSSI.  GSSI  requested  and  was  pro¬ 
vided  information  on  the  radar  propagation  speed  in  the  soil  and  ordnance  signature. 

a.  Radar  Propagation  Speed.  To  get  an  accurate  depth  measurement  it  is 
necessary  to  measure  the  speed  at  which  the  radar  travels  through  the  earth.  This 
depends  on  the  soil  type,  its  moisture,  and  the  frequency  of  the  exciting  radiation. 
The  method  used  was  to  put  the  transmitter/receiver  in  one  hole  and  a  reflector  in  the 
second  hole  and  to  measure  how  long  it  takes  the  signal  to  go  from  hole  1  to  hole  2 
and  back  again.  Four  holes  approximately  1  ft  in  diameter  and  3  ft  deep  were  dug,  the 
metal  from  a  shovel  served  as  a  reflector,  and  the  speed  of  propagation  was  measured. 
The  measurements  could  have  been  made  by  digging  just  two  holes.  The  extra  holes 
provided  redundancy  in  the  measurement.  Because  the  holes  were  only  1  ft  in  dia¬ 
meter,  the  900-MHz  transmitter/receiver  was  employed  in  these  speed  measurements 
rather  than  the  300-MHz  system  that  was  actually  used  in  the  survey.  The  reason  for 
this  substitution  is  that  the  300-MHz  transmitter/receiver  antenna  was  too  large  (it 
would  have  required  about  a  1 -meter-diameter  hole)  for  the  holes.  It  is  assumed 
in  this  work  that  the  900-MHz  signal  travels  at  the  same  speed  as  the  300-MHz  signal 
actually  used.  Although  this  assumption  can  introduce  errors  in  the  depth  measure¬ 
ment,  GSSI  personnel  did  not  ask  that  holes  large  enough  to  accommodate  the  300- 
MHz  transmitter/receiver  be  dug. 

b.  Ordnance  Signature.  To  help  GSSI  personnel  recognize  their  signatures, 
five  pieces  of  ordnance  typical  of  that  found  in  the  table  were  buried  in  a  trench.  The 
ordnance  buried  at  GSSI’s  request  included  a  250-lb  bomb,  two  different  types  of  1 55- 
mm  ordnance,  81 -mm  ordnance,  and  a  mortar  round.  These  were  buried  at  depths  of 
5,  4,  3,  and  2  ft,  respectively.  All  pieces  were  buried  horizontally  since  this  is  the  only 
way  such  ordnance  was  expected  to  be  seen  by  the  ground-penetrating  radar.  The 
separation  between  adjacent  pieces  of  ordnance  in  the  trench  was  at  least  as  large  as  the 
largest  dimension  of  the  two  adjacent  pieces  of  ordnance.  GSSI  personnel  felt  that 
with  this  separation  they  could  spatially  resolve  the  different  pieces  of  ordnance. 

It  is  not  clear  to  this  investigator  whether  the  signals  which  GSSI  saw  when 
they  traversed  the  area  were  mainly  due  to  disturbed  earth  or  to  buried  ordnance. 


V.  EVALUATION  OF  GSSI  RADAR 


11.  Problems  with  the  GSSI  Radar.  There  are  two  problems  with  the  GSSI 
radar:  (l)a  low  detection  probability  and  (2)  a  high  false  alarm  rate. 

a.  Definitions.  Before  evaluating  these  qualities,  some  terms  need  to  be 

defined. 


( 1 )  Detection  Probability.  The  detection  probability  is  here  experi¬ 
mentally  defined  as  the  ratio  of  the  number  of  targets  detected  by  the  GSSI  appara¬ 
tus  to  the  number  of  targets  present. 

(2)  True  (False)  Detections.  A  true  (false)  detection  is  said  to  occur 
when  the  apparatus  indicates  there  is  buried  ordnance  at  a  particular  spot  when,  in 
fact,  there  is  (is  not)  ordnance  near  the  spot.  The  definition  just  given  for  a  true  or 
false  detection  needs  to  be  made  more  precise  because  the  word  “near”  is  not  defined. 
Here  the  criterion  used  is  that  there  is  a  true  detection  if  the  detected  x,  y  coordinates 
of  the  ordnance  are  within  2  ft  of  the  ordnance’s  actual  x,  y  coordinates  and  the  depth 
information  provided  by  the  GSSI  apparatus  falls  within  plus  or  minus  50  percent  of 
the  ordnance’s  actual  depth.  With  this  definition  of  a  true  detection,  if  one  used  a  4-ft- 
diameter  auger  and  dug  a  hole  50  percent  deeper  than  the  depth  indicated  by  the  GSSI 
apparatus,  one  would  uncover  the  buried  ordnance.  Since  an  auger  with  a  diameter 
much  greater  than  4  ft  is  not  practical,  this  represents  the  weakest  practical  definition 
that  can  be  used  to  define  “near”  for  the  purpose  of  finding  and  digging  up  buried 
ordnance.  If  one  defines  “near”  using  tighter  limits  of,  say,  1  ft,  then  the  GSSI 
apparatus  would  have  made  no  true  detections.  Since  the  wavelength  of  the  trans¬ 
mitted  wave  is  about  1  m,  the  apparatus  would  not  be  expected  to  locate  ordnance 
with  an  accuracy  of  1  ft.  These  are  some  of  the  considerations  which  motivate  the 
definition  of  “near”  in  the  true  (false)  detection  definition. 

(3)  False  Alarm.  A  false  detection  will  hereafter  also  be  referred  to  as 

a  false  alarm. 


(4)  False  Alarm  Rate.  The  false  alarm  rate  is  here  defined  as  false 

alarms  per  acre. 


(5)  Distinct  Detection.  GSSI  personnel  traversed  all  of  the  areas  in 
two  directions:  along  lines  parallel  to  the  North/South  direction,  and  along  lines 
parallel  to  the  Fast/West  direction.  They  also  duplicated  some  of  their  traversals. 
Occasionally,  therefore,  two  detections  will  nearly  coincide  and  it  is  necessary  to 
decide  if  these  two  detections  correspond  to  the  same  target  or  to  two  separate  targets. 
Here  multiple  detections  which  are  separated  by  less  than  a  foot  are  defined  as  a  single 


detection  and  multiple  detections  separated  by  more  than  a  foot  are  counted  as 
distinct  detections. 

b.  Evaluation  of  Detection  Probability.  Using  the  criterion  (discussed  in 
Vila)  that  a  target  is  detected  if  its  x,  y  coordinates  are  within  2  ft  of  the  actual  loca¬ 
tion  of  the  buried  object  and  the  depth  is  correct  with  an  error  which  does  not  exceed 
50  percent,  2  out  of  the  14  pieces  of  ordnance  in  the  area  surveyed  by  GSS1  were 
found.  This  corresponds  to  a  detection  probability  of  1/7.  The  two  pieces  of 
ordnance  found  were  the  250-lb  bomb  buried  at  a  depth  of  5  ft  and  the  4-in.  piece  of 
pipe  buried  vertically  at  a  depth  of  5  ft.  If  one  were  to  adopt  the  weaker  criterion  that 
a  target  is  detected  if  its  indicated  x,  y  coordinates  are  within  4  ft  of  the  buried  object 
and  the  depth  is  correct  to  within  50  percent,  then  no  additional  pieces  of  ordnance 
would  be  detected. 

c.  Evaluation  of  False  Alarm  Rate.  A  feel  for  the  magnitude  of  the  false 
alarm  rate  can  be  obtained  from  the  following  results. 

(1)  In  one  part  of  Grid  A,  set  aside  to  test  the  equipment  false-alarm 
rate,  there  was  no  buried  ordnance.  This  was  a  regularly  shaped  area  of  3.200  ft2 
(0.0735  acre).  In  this  area,  which  had  no  buried  ordnance,  GSSI  personnel  observed 
27  distinct  target-like  signatures  which  they  identified  as  targets  and  this  corresponds 
to  367  false  alarms  per  acre. 

(2)  In  the  remaining  part  of  Grid  A  which  was  regularly  shaped  and 
covered  an  area  of  25,600  ft2  (0.588  acre).  10  pieces  of  ordnance  were  buried.  In  this 
area  GSSI  personnel  had  94  distinct  target-like  signatures  of  which  1  was  valid.  Thus, 
in  this  area  there  were  93  false  alarms  in  0.588  acre  which  corresponds  to  158  false 
alarms  per  acre. 

(3)  In  the  linear  grid  which  had  an  area  of  2,500  ft2  (0.0585  acre), 
4  pieces  of  pipe  were  buried.  In  this  area  GSSI  personnel  had  34  distinct  target-like 
signatures  of  which  1  was  from  a  valid  target.  Thus  in  this  area,  there  were  33  false 
alarms  in  0.0585  acre  which  corresponds  to  564  false  alarms  per  acre. 
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VI.  RESULTS  AND  DISCUSSION 


12.  Discussion  of  the  Results.  The  250-lb  bomb  buried  horizontally  at  a  depth 
of  5  ft  is  considered  to  be  one  of  the  easiest  targets  to  detect.  The  GSS1  equipment 
appears  to  have  legitimately  detected  this  piece  of  ordnance.  The  4-in.  piece  of  pipe 
buried  vertically  at  a  depth  of  5  ft  is  probably  one  of  the  most  difficult  targets  to 
detect.  The  fact  that  the  equipment  failed  to  detect  the  pieces  of  4-in.  pipe  buried 
horizontally  and  vertically  at  depths  of  3  ft  suggests  that  this  detection  is  not  legiti¬ 
mate.  One  possible  interpretation  is  that  GSSI  equipment  detected  a  disturbance  in 
the  soil  made  when  the  pipe  was  buried. 

A  difficulty  in  using  the  GSSI  equipment  is  that  target  detection  appears  to 
be  subjective. 

A  high  false  alarm  rate  characterized  the  GSSI  equipment.  The  probable 
reason  for  the  high  false  alarm  rate  observed  in  these  tests  is  that  reflections  can  take 
place  from  discontinuities  other  than  those  due  to  the  buried  ordnance.  These  reflec¬ 
tions  can  be  real  and  reproducible.  What  is  needed  is  a  method  to  distinguish  reflec¬ 
tions  due  to  buried  ordnance  from  these  unwanted  reflections. 

Would  the  GSSI  equipment  be  useful  in  helping  to  clear  ranges  of  UXO?  It 
would  seem  that  equipment  which  detects  about  1/10  of  the  UXO  and  has  approxi¬ 
mately  300  false  alarms  per  acre  would  have  limited  utility  either  by  itself  or  in  con¬ 
junction  with  other  equipment  in  helping  to  clear  ranges  of  UXO. 

Would  these  conclusions  be  changed  under  different  soil  conditions?  In 
these  tests  there  are  two  factors  which  prevented  the  equipment  from  working  better: 
attenuation  which  prevents  the  radar  from  seeing  deeply  into  the  earth,  and  discon¬ 
tinuities  which  cause  false  alarms  in  the  equipment  as  it  is  presently  configured.  The 
soil  used  was  clay  which  has  a  high  attenuation,  but  the  tests  were  done  during  the 
summer  when  the  average  moisture  content  of  the  soil  was  low  and  this  reduces  the 
attenuation.  There  was  an  opportunity  to  view  the  soil  in  the  hole  before  the  ordnance 
was  buried  and  it  seemed  to  be  homogeneous,  which  is  ideal  from  the  point  of  view  of 
having  a  low  false  alarm  rate.  The  ground  itself  was  fairly  level  and  free  from  large 
roots.  Apparently  there  is  little  evidence  which  suggests  that  the  equipment  would 
perform  significantly  better  at  locations  where  ordnance  is  actually  buried  than  it  did 
at  the  MERADCOM  test  site. 
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